Abstract. Integration of reverse logistics processes into supply chain network design can help to achieve a network that incorporates environmental factors as well as economic factors. In this study, a new integrated approach is proposed to address designing a multi-product, multi-period supply chain network with reverse logistics. The framework of the proposed approach includes green supplier evaluation and a mathematical model in an uncertain environment. To the best of our knowledge, integration of green supplier evaluation into the designing supply chain network with reverse logistics has not been considered in the literature. This integration can help to incorporate experts' opinions about environmental impact of suppliers in the network design. Minimization of total cost and maximization of total greenness score of purchased raw materials/components are two objectives of the model. The fuzzy EDAS method is used to determine the greenness scores of suppliers. Also, demand of customers and capacity of suppliers are defined using fuzzy numbers and a fuzzy method is used to obtain trade-off solutions. The proposed approach is applied to designing the supply chain network of a home appliance company. The results show that the proposed approach is feasible and efficient to obtain solutions to design the supply chain network.
Introduction
In a supply chain, the product flow starts with suppliers and manufactures, and then final products are delivered by distributors to the customer groups to meet their demands (Hugos 2010) . Because of increasing competition in global markets, designing an optimal supply chain network becomes one of the important strategic processes for any business (Moncayo-Martínez, Mastrocinque 2016) . In the past, economic objectives like cost or benefit were the most prevalent measures to optimize a supply chain network design. However, in recent years, environmental requirements have affected manufacturing operations, and these requirements lead to an increasing attention to development of environmental management strategies for the supply chain (Beamon 1999) .
One of the approaches that can help to improve the environmental aspects of a supply chain is recovery of used products using reverse logistics. Reverse logistics can increase the environmental performance of a supply chain by reducing waste and used energy and resources . In general, there are two kinds of supply chains with reverse logistics: closed-loop supply chain and open-loop supply chain. In a closed-loop supply chain design, recovered products and/or materials are usually reused in the original supply chain, i.e. in the production process of the same supply chain. On the other hand, in an open-loop design returned products are recovered/recycled and reused in other production processes out of the original supply chain (Fleischmann et al. 1997; Geyer, Jackson 2004; Krikke et al. 2005) . There are many studies that have been made on the supply chain network design with reverse logistics in both closed-loop and open-loop modes. Jayaraman et al. (2003) used a mixed-integer linear programming (MILP) approach to model an open-loop supply chain and introduced a heuristic solution methodology for this problem. The network which was addressed by them was very simple. Only one objective was considered for optimization, and the solution methodology cannot be utilized in a situation with multiple products. Moreover, a single period was used as the planning horizon. However, this model can provide a basis for more extended models.
One of the studies which used multi-objective programming in designing open-loop supply chains was made by Pati et al. (2008) . They proposed a multi-objective mathematical model to assist in proper management of the paper recycling logistics systems. They used a goal programming approach to solve the model. The supply chain network in their study was designed with multiple products. However, optimization of the model with a single period and using crisp values for all parameters of the model are two main disadvantages of their study. In another study, Yu and Solvang (2016) suggested a novel framework for designing and planning a general reverse logistics network based on the multi-objective mixed integer programming. Minimization of total cost and carbon emissions were the objectives of their model. They used a weighted normalization method and solved the multi-objective decision-making (MODM) model. Some of studies on open-loop supply chain design have used metaheuristic algorithms. Pishvaee et al. (2010) developed a MILP model to minimize the transportation and fixed opening costs in a multistage reverse logistics network. The network examined was in the open-loop mode. They applied a simulated annealing (SA) algorithm with special neighborhood search mechanisms to determine near optimal solutions. Using metaheuristic algorithm is an advantage of their study because it can help to decrease computational time of solving the model. However, their model is a single-period and single-product model which is optimized with respect to one objective. Qin and Ji (2010) also proposed an approach to design the product recovery network in the open-loop mode. Their approach was based on the fuzzy programming tool. A hybrid intelligent algorithm which integrates fuzzy simulation and genetic algorithm was developed by them to solve the model. Consideration of uncertainty is an important feature of their study. The research of Eskandarpour et al. (2014) presented a model to design a comprehensive seven-layer (primary customers, collection/redistribution centers, recovery, recycling and disposal centers, and secondary customers) recovery network by MILP approach. They also developed a metaheuristic method based on Tabu search to determine optimal or near-optimal solutions in an openloop network. Uncertainty of parameters, nevertheless, was not addressed in their model. Zandieh and Chensebli (2016) addressed an open-loop reverse logistics network including collection/inspection, recovery and disposal centers and used MILP approach to model it. A water flow-like algorithm approach was proposed to obtain solutions of the model and the results of the algorithm were compared with those of the genetic algorithm. Although the metaheuristic proposed was novel, multi-product and multi-period modes were not considered in their model, and only one objective was used to optimize the model. Soleimani and Govindan (2014) and Alshamsi and Diabat (2015) studied on designing open-loop network design with consideration of multiple products. Soleimani and Govindan (2014) proposed a risk-averse two-stage stochastic programming approach for designing and planning a supply chain network with reverse logistics. Although their model was formulated in an uncertain environment, the horizon of planning was defined with respect to a single period. Alshamsi and Diabat (2015) proposed a mixed-integer linear programming model to address the complex network configuration of a supply chain with reverse logistics. Optimal selection of sites, the capacities of inspection centers and remanufacturing facilities were some of decision variables of their model. Their model was formulated in a multi-period mode, but uncertainty of parameters was not addressed in the model.
There are many studies which have been done in the field of closed-loop supply chain design. Some of these studies used single-product and single-period modes for network design. Mirakhorli (2014) proposed a fuzzy programming approach and a metaheuristic based on the genetic algorithm to deal with bi-objective reverse logistics network design problems. A case study in a bread producing factory was used to show the feasibility of the proposed approach. Garg et al. (2015) considered a closed-loop supply chain network with four echelons in the forward chain and five echelons in the backward chain. The network was formulated using a bi-objective integer nonlinear programming approach and solved by an interactive multi-objective decision-making algorithm, but the uncertainty of parameters was not addressed in the model. Mohajeri and Fallah (2016) presented an optimization model for a closed-loop supply chain network. In the considered model, carbon emission limit was regarded as an environmental constraint. Their model was developed in an uncertain environment based on fuzzy sets.
Some other researches considered multi-product mode for designing networks. Güleş et al. (2013) proposed a MILP model for designing network of a multi-phase flexible closed-loop supply chain with environmental considerations. However, uncertainty of parameters was not involved in the design. Jindal and Sangwan (2014) applied a fuzzy mixed integer linear programming approach to optimize a multi-product, multi-facility capacitated closed-loop supply chain with some uncertain parameters like demand of products. Vahdani and Mohammadi (2015) proposed a bi-objective interval-stochastic robust model for optimization of designing a closed-loop supply chain network with multi-priority queuing system. Moreover, a self-adaptive imperialist competitive meta-heuristic algorithm was proposed to solve the model. Subulan et al. (2015) considered a lead/acid battery closed-loop supply chain network design under risk and uncertainty and proposed a scenario-based multi-objective stochastic and possibilistic mixed integer programming model to optimize it. Moghaddam (2015) developed a model for supplier selection and order allocation in a closed-loop supply chain network. Multi-objective decision-making approaches and Monte Carlo simulation were used to obtain Pareto-optimal solutions of the model. Talaei et al. (2016) proposed a multi-objective MILP model to investigate a facility location/allocation problem in a multi-product closed-loop green supply chain network and minimization of the total cost of the network. The ε-constraint was utilized for optimization of the model. Dai (2016) developed a model for a multi-product, multi-echelon, and multi-objective closed-loop supply chain network in a fuzzy environment. A fuzzy MODM approach was utilized to solve the model by minimization of total cost, waste, carbon dioxide, and risks of the network. Ma et al. (2016) proposed a robust multi-objective mixed integer nonlinear programming model to deal with an environmental closed-loop supply chain network problem. They used the LP-metrics method to find optimum solutions of the problem.
In addition, there are some studies which focused on designing closed-loop supply chain networks with multiple products and multiple periods. Pazhani et al. (2013) developed a bi-objective model for a multi-period, multi-product closed-loop supply chain. Minimization of total costs and maximization of service efficiency of the warehouses and hybrid facilities were two objectives of the model, and the goal programming approach was used to obtain solution of the model. Ramezani et al. (2014) presented a multi-objective model for a multi-product, multi-period, closed-loop supply chain network. A fuzzy programming approach was used for maximization of profit, minimization of delivery time, and maximization of quality. Zeballos et al. (2014) proposed a design and planning approach to address a general closed-loop supply chain with multiple periods and products. The multi-stage stochastic programming and MILP approaches were used to determine optimum design. Tavakkoli- Moghaddam et al. (2015) presented a bi-objective model for designing a network of bi-directional facilities in a closed-loop supply chain under uncertainties. A hybrid solution approach based on the fuzzy possibilistic programming and fuzzy multi-objective programming was also developed by them to solve the model. Kalaitzidou et al. (2015) addressed a multi-product, multi-echelon and multi-period closedloop supply chain network design problem and modeled it using MILP approach. They used standard branch-and-bound techniques to determine global optimum of the proposed model. Considering uncertainty is an advantage of the researches of Ramezani et al. (2014) , Zeballos et al. (2014) and Tavakkoli-Moghaddam et al. (2015) .
Green supplier evaluation can be considered as another activity that can help to improve environmental aspect of a supply chain. The green supplier evaluation and selection problem has been the interest of many researchers during the past years (Keshavarz Ghorabaee et al. 2016a; Khaksar et al. 2016; Liao et al. 2016; Shahryari Nia et al. 2016) . Govindan et al. (2015) performed a review of multi-criteria decision-making approaches in green supplier evaluation and selection problem, and Nielsen et al. (2014) presented the most important criteria for this problem. However, there have been only a few studies that this problem is involved in supply chain network design. For example, Govindan and Sivakumar (2016) and Kannan et al. (2013) proposed integrated models for green supplier selection and order allocation, but their models were limited to optimization of the order quantity from, and the other decision variables of a supply chain network were not included. This research aims to improve supply chain network design by considering the green supplier evaluation as a part of designing process.
The above-mentioned studies are summarized with respect to some of the important characteristics of them in Table 1 . In the last row of this table, we present the main features of the present research in comparison with the other studies which have been reviewed. The main contributions of this research are (i) to present an approach for designing a supply chain in an uncertain environment with closed-loop and open-loop modes, and (ii) consideration of green supplier evaluation in the process of designing the supply chain network with reverse logistics. 
Govindan ( In this study, a multi-objective mathematical model is proposed for designing a supply chain network with reverse logistics. The reverse logistics in the considered supply chain network includes both the closed-loop and open-loop modes. Two objectives are defined for the optimization process. The first objective is minimization of total cost of the network and the second objective, which is related to the green supplier evaluation, is maximization of total greenness score of purchased raw materials/components. To define the second objective, we need the greenness score of each supplier which are determined using a fuzzy multi-criteria decision making method. The fuzzy EDAS method is used in this step of the proposed approach (Keshavarz Ghorabaee et al. 2015; Keshavarz Ghorabaee et al. 2016b) . The demand of customers and capacity of suppliers are two uncertain parameters in the proposed model. The uncertainty of these parameters is defined by using fuzzy numbers. A fuzzy MODM approach is used in this research to solve the model and obtain Pareto (nearPareto) optimal solutions. The global criterion method is used to compare and validate the results of the fuzzy MODM approach. We use a numerical example of designing the supply chain network of a home appliance company to illustrate the procedure and efficiency of the solution approach.
The rest of this paper is organized as follows. In Section 1, the characteristics of the considered supply chain network are described, and important assumptions are stated. In Section 2, a multi-objective mathematical model is proposed to design the considered supply chain network. In Section 3, we present the framework of a solution approach based on the fuzzy EDAS and a fuzzy MODM method to optimize the proposed mathematical model. In Section 4, a numerical example is solved using the solution approach. Finally, conclusions are presented.
Problem description
The general structure of the proposed supply chain network with reverse logistics is illustrated in Figure 1 . As can be seen in this figure, the network includes four stages in the forward direction (i.e. suppliers, production centers, distribution centers, and customers) and four stages in the backward (reverse) direction (i.e. customers, collection centers, recovery centers and recycled material markets). The forward flow begins with the procurement of raw materials/components from suppliers and transportation of them to the production centers for manufacturing the products. The new products are transported from production centers to customers via distribution centers to meet the customer demands. The used products are returned to the collection centers by the customers. Some of the returned products are disposed and the remainder is processed and grouped into some recoverable materials/components. Then these recoverable materials/components are transported to the recovery centers. In the recovery centers, a portion of the received materials/components are disposed and process of the recovery is done on the remnant on them. The process of the recovery centers resulted in two types of items: the recovered/recycled raw materials/ components that can be used in the production centers, and the recycled materials that can be sold in a market. In this problem the facilities of each stage with their predetermined parameters are needed to be established in some potential locations.
The aim of the proposed model is to design the network by optimization of two objective functions. The first objective function is minimization of total cost of supply chain network, and the second one is maximization of total greenness score of purchased raw materials/components. The important assumptions used in developing the proposed model are stated as follows:
-Demand of customers and capacity of suppliers are two uncertain (fuzzy) parameter of model and the other parameters are deterministic. -The potential locations for establishing facilities and distances between them are predetermined. -The required number of facilities to be established in each stage is known. -Physical locations of the recycled material markets and disposal sites have no impact on the design of the proposed network. -The capacity of required facilities and cost parameters related to them are definite. -The planning horizon is divided into multiple time-periods. -Multiple products are manufactured, distributed and returned. -There is no flow between facilities of the same stage. -Shortage is not possible and there is no discount.
-The greenness score of suppliers is determined according to evaluations of experts.
-Returned quantity of a product in a period is a fraction of the average demand of that product in previous periods. -Transportation costs between facilities of stages are dependent on distances between them. 
Model formulation
This section describes a multi-objective mathematical model for the proposed supply chain network. As previously mentioned, the proposed model consists of two objectives. The first objective is economic and the second function is environmental. Some important constraints are also imposed to make the optimization model. The notations of sets and indices, parameters and variables which are used in the proposed model are defined in Table 2 . Table 2 The economical objective (f c ) function includes total production cost (TPC), total distribution cost (TDC), total collection cost (TCC), total recovery cost (TRC) and total transportation cost (TTC). These costs are defined in Eqs. (1) to (5): ( ) ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ ∈ = + + + 
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In TRC Equation (Eq. (4)), the last expression is subtracted from the other costs because it is a benefit expression and should be maximized.
In summary, Eq. (6) shows the economical objective function that should be minimized.
Moreover, the environmental objective of the proposed model, which is related to maximization of total greenness score of purchased raw materials/components from suppliers, is shown in Eq. (7).
In Eq. (5) the transportation cost coefficients in different stages of the network are dependent on the distances between established facilities and defined in Eqs. (8) 
The constraints of the production centers (purchasing and manufacturing) are defined in the following equations. Eqs. (13) and (14) shows the capacity constraints of suppliers and production centers, respectively. The maximum capacity of suppliers is considered as an uncertain (fuzzy) parameter. Eqs. (15) to (18) are the inventory constraints of products and raw materials/components in production centers. Eq. (19) states that if a production line is set up in a time-period, it can be operational after that time-period.
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Eqs. (20) to (23) show the constraints related to distribution of products. Eq. (20) is the capacity constraint of distribution centers on each product. Eqs. (21) and (22) are the constraints of inventory of products in distribution centers, and Eq. (23) is the constraint to meet the demand of customers. In Eq. (23), the demand of customers is considered as an uncertain (fuzzy) parameter.
The following equations describe the constraints related to collection activities. Eq. (24) shows the constraint of returned product in each time-period. It's clear that total returned product in the first time-period is equal to zero (
). Eq. (25) is related to transformation of returned product to the recoverable materials/components. Eqs. (26) to (29) show the inventory constraints in the collection centers.
Constrains of recovery activities are defined in Eqs. (30) to (36). Eq. (30) is the constraint of converting recoverable materials/components to the raw materials/components that can be used in the production centers, and Eq. (31) shows the constraint of transforming the recoverable materials/components to the recycled materials for selling in markets. Eqs. (32) to (35) indicate the inventory constraints of recovery centers.
Constraints of transportation flow between different stages of the supply chain network are defined in Eqs. (36) to (40).
Eqs. (41) to (48) state the constraints of assigning the potential locations for establishing the required centers in different stages.
It should be noted that there is no initial inventory in all stages (i.e.
).
Solution approach
In this section, a solution approach is described for optimization of the proposed multiobjective mathematical model. The framework of the proposed approach is depicted in Figure 2 . In the following sub-sections, this framework is explained.
Reformulation of uncertain constraints
As can be seen in Figure 2 , after definition of problem and formulation of model, it's needed to reformulate the constraints of the model that include uncertain (fuzzy) parameters. By using a-cuts approach, fuzzy right hand sides of the constraints are converted to interval values. According to the proposed model, Eqs. (13) and (23) , ,
Then a-cuts of these values are defined as follows:
where,
To reformulate the considered constraints, the approach of Gabrel et al. (2010) 
Using this reformulation, we can optimize the model with different values of a.
Using fuzzy EDAS to determine greenness scores
After reformulation of the uncertain constraints, we need to set parameters of the model. One of these parameters is the greenness score of each supplier on each raw material/component. To determine this parameter, the fuzzy EDAS method is used. The EDAS method is a new and efficient method which was proposed by Keshavarz Ghorabaee et al. (2015) for inventory classification. This method has been used and extended by some researchers (Turskis, Juodagalvienė 2016; Kahraman et al. 2017; Peng, Liu 2017) . The fuzzy EDAS method was proposed to deal with MCDM problems under uncertainty (Keshavarz Ghorabaee et al. 2016b) . For using this method, first, evaluation criteria should be identified and then weights of criteria and ratings of alternatives (suppliers) on each criterion should be assessed by decision-makers. In this study, linguistic variables with trapezoidal fuzzy numbers, which are presented in Table 3 , are used by decision-makers to evaluate suppliers. Interested readers are referred to the research of Keshavarz Ghorabaee et al. (2016b) for detailed information about the fuzzy EDAS method and the computational steps of it. Poor (P) (1,2,2,3)
Medium poor (MP) (2, 3, 4, 5) Fair (F) (4, 5, 5, 6) Medium good (MG) (5, 6, 7, 8) Good (G) (7, 8, 8, 9) Very good (VG) (8, 9, 10, 10) company formed a group of ten experts (decision-makers) to evaluate these suppliers and determine the greenness score of them ( SUP rn S ). First the experts defined some criteria with respect to the review article of Nielsen et al. (2014) and evaluate their importance. Then the ratings of suppliers were assigned on each criterion by each decision-maker, and finally the greenness scores were determined using the fuzzy EDAS method. The detailed data of experts' evaluations is provided as Supplementary information (Data 2.xlsx). Table 5 shows the defined criteria and their average importance, and Table 6 presents the greenness score of each supplier. It is assumed that the greenness scores of a supplier are equal in different raw materials/components. Figure 3 depicts the potential locations for required facilities, location of suppliers and location of customers. With respect to the parameters of the problem, the mathematical model is solved using the fuzzy MODM approach described in the previous section with different a-cuts and different weights of objectives. The values of objective functions are presented in Table 7 . The global criterion results (with ρ = 1) are also included in this table for comparison. We used an educational unlimited version of Lingo 16.0×64 to solve the model.
According to Table 7 , the results of the fuzzy MODM and global criterion approaches are very close together. The estimated Pareto (near-Pareto) front is shown in Figure 4 (M1 = fuzzy MODM and M2 = global criterion). As can be seen in this figure, there is a good trade-off between the values of objectives in different weights, and so the proposed Fig. 3 . The location of different elements of the network approach is efficient to obtain Pareto (near-Pareto) optimal solutions for the mathematical model.
Here, one of these solutions (with a = 0.5 and w c = w g = 0.5) is considered to show the optimal design of the network. Figure 5 represent a graphical view of the optimum location of facilities in different stages and the flow of materials and product over the whole planning horizon.
We can see that n 2 and n 9 are not selected for purchasing raw materials/components in all time-periods. It should be noted that the detailed results for this network configuration is provided as a Lingo report file in Supplementary information (Report.pdf). However, as an example, the values of the flow of raw materials/components from suppliers to production centers in each time-period ( FSP rnit x ) are presented in Table 8 . According to this table, there is no flow between n 2 and n 9 and production centers which shows that these suppliers are not selected in all time-periods. Also, it can be seen that n 6 only supplies r 2 for the second production center in one of the time-periods. Moreover, raw materials/components of n 5 only transport to the second production center, and there is no connection between n 5 and the first production center. 
Conclusions
In recent years, using reverse logistics in designing supply chain networks has received more and more attentions from both academics and practitioners because of its consequential effect on environmental aspects of supply chains. In this study, a new general problem has been considered to design a multi-product, multi-period supply chain network with reverse logistics. The reverse logistics which has been presented in the problem includes both closed-loop and open-loop modes. Therefore the recovered products of the network can be either used in the production centers of the supply chain or sold to the recycled material markets. We have also integrated the process of green supplier evaluation in designing the network. A multi-objective mathematical model has been developed for minimization of the total cost of the supply chain and maximization of total greenness score of purchased raw materials/components from the suppliers. The uncertainty in the demand of customers and capacity of suppliers has been dealt with using fuzzy numbers in the proposed model.
A framework based on fuzzy EDAS, fuzzy MODM and global criterion methods has been presented to evaluate suppliers and determine the greenness score of them, optimization of the mathematical model, obtain the Pareto (near-Pareto) solutions and comparison of the results. A numerical example of a home appliance company has been utilized to describe the procedure of the proposed approach. By evaluation of suppliers with respect to green criteria in a fuzzy environment, we have incorporated the experts' opinions about suppliers into the optimal design of the network. The fuzzy EDAS method has provided us with an efficient way to determine the greenness score of suppliers. In addition, the proposed framework helps us to examine the effect of changing degree of uncertainty of the supply and demand by varying the values of a in the model. Using lower values of a, which are closer to zero, leads to network configurations associated with higher degree of uncertainty. The results of this study confirmed that the estimated Pareto (near-Pareto) front is wider in lower values of a. Moreover, because the transportation costs have been considered as dependent variables of distances between potential locations of stages, in the optimal solution of the network, minimization of distances between optimal locations has been involved by minimizing the total transportation cost. The results show that the proposed framework is efficient and feasible to solve the considered supply chain network problem and can determine optimal configurations with different weights of objective functions.
Because the supply chain network design is an NP-hard (non-deterministic polynomialtime hard) problem, the computational time of solving the model increases with the size of the problem. Therefore, it is suggested for future research to develop multi-objective metaheuristic algorithms for solving the proposed model. Also, the uncertainty of the other parameters of the model like the return rate of products can be considered in future research. Furthermore, locations of the recycled material markets and disposal sites have not been included in the model of this research which can be considered as variables in future research. Maghsoud AMIRI is Professor at the Department of Industrial Management of Allameh Tabataba'i University, Tehran, Iran. He received PhD degree in industrial engineering from Sharif University of Technology, Tehran, Iran. He has published many papers in leading international journals. His research interests include multi-criteria decision-making (MCDM), data envelopment analysis (DEA), design of experiments (DOE), response surface methodology (RSM), fuzzy MCDM, inventory control, supply chain management, simulation and reliability engineering.
